In north-east Brazil, Archean and Paleoproterozoic cratonic blocks are enclosed within a network of Brasiliano-age (0Á7-0Á55 Ga) metasedimentary foldbelts. The unfoliated Coronel João Sá granodiorite pluton, which contains magmatic epidote and strongly resorbed clinopyroxene, intrudes the Sergipano Foldbelt. Zircons yield a concordant U-Pb crystallization age of 625 AE 2 Ma; titanite ages are approximately 621 Ma. Discordant zircons suggest inheritance from at least two magma sources of ages <1Á8 and >2Á2 Ga. Model calculations based on diffusion parameters and Rb-Sr isotope data from separated minerals indicate that the pluton cooled at a rate of $36 C/Myr. Whole-rock element compositions and initial Sr-Nd isotopic compositions that are heterogeneous on all length scales suggest magma mixing. Trace-element concentrations and Nd isotope data argue against a contribution from a contemporaneous mantle-derived magma. Values of magmatic e Nd (at 625 Ma) resemble contemporary e Nd for local supracrustal rocks and basement, compatible with anatexis of a crustal source. In north-east Brazil, cratonic blocks could have amalgamated with foldbelts that originated as: (1) a mosaic of island arcs and arc basins (traditional allochthonous model), or as (2) extensional continental sedimentary basins (but not oceanic crust) later involved in collision (autochthonous model). The Coronel João Sá isotopic and chemical data support an autochthonous origin.
REGIONAL SETTING
Western Gondwana was amalgamated between 0Á7 and 0Á55 billion years ago during the Pan African Orogeny, which is known as the Brasiliano Orogeny in South America. Cratonic blocks that accreted together to form Western Gondwana included the Congo-São Francisco Craton, the West African-São Luis Craton and the Amazon Craton (Fig. 1, inset) . Today, the bedrock geology in north-east Brazil consists of Archean and Paleoproterozoic cratonic blocks, informally referred to as massifs (basement inliers), within a network of Pan African-Brasiliano age metasedimentary foldbelts that have been intruded by numerous syn-to post-tectonic granitoids (Sial, 1986 (Sial, , 1987 .
Isotope geochronology suggests that four major tectonothermal events affected north-east Brazil at $2Á6 Ga (Archean), 2Á2-2Á1 Ga (Transamazonian), 1Á1-0Á95 Ga (Cariris Velhos) and 0Á7-0Á55 Ga (Pan African-Brasiliano). The massifs yield Archean and Transamazonian Rb-Sr and U-Pb ages. Zircons from pre-Brasiliano metavolcanic rocks and granitoids within the foldbelts yield 1Á1-0Á95 Ga Cariris Velhos U-Pb ages .
Two contrasting models for the tectonic development of north-east Brazil have been proposed. The 'allochthonous' model proposes that during the Brasiliano Orogeny, unrelated terranes composed of cratonic blocks, island arcs and arc basins amalgamated together, becoming north-east Brazil (Caby & Arthaud, 1986) . According to an alternative 'autochthonous' model, north-east Brazil developed from a continental basin-and-range-type terrane in which the foldbelts originated as extensional continental sedimentary basins. Van Schmus et al. (1995) suggested that extension occurred during the Cariris Velhos event. The rocks in these basins were folded later, during the Brasiliano collision.
The roughly triangular Sergipano Foldbelt is the southernmost foldbelt in north-east Brazil. The characteristics of the Sergipano Foldbelt, which wraps around the northern edge of the São Francisco Craton (Fig. 2) , have been used as a basis to argue for both of the above-mentioned models (Dos Santos & Silva Filho, 1975; Brito Neves et al., 1977; Jardim de Sá, 1984; Campos Neto & Brito Neves, 1987; Davison & Dos Santos, 1989; Caby et al., 1991; Van Schmus et al., 1995) . During the Brasiliano collision, rocks of the Sergipano Foldbelt were displaced internally by large-scale sinistral strike-slip movements while being thrust obliquely against the São Francisco Craton. These faults separate a succession of tectono-stratigraphic units, referred to as 'domains', that are progressively more deformed and metamorphosed from the south, to the north where the foldbelt is adjacent to the PernambucoAlagoas Massif (Davison & dos Santos, 1989) (Fig. 2) . In the south, the protoliths consist of clastic and carbonate sediments, which persist toward the north but with increasing predominance of mafic and ultramafic igneous protoliths. In the Macurur e e domain, which is host to the Coronel João Sá pluton, the common protoliths are greywacke, siltstone and shale rhythmically bedded on a centimeter scale (turbidites?) (Davison & dos Santos, 1989) .
Unfoliated (post-orogenic) granitoid bodies have intruded much of the Sergipano Foldbelt. The Coronel João Sá pluton (Fig. 3 ), named after a village situated upon it (37Á93 W, 10Á28 S), consists of a larger southern body, and a smaller northern body with the same characteristic lithology though with slight chemical and Sr-Nd isotopic differences. The host rock to the pluton is a brown, fine-to medium-grained biotite-garnet schist, in which staurolite is present in the contact aureole. To the west, the Coronel João Sá pluton is in fault contact with a graben filled by undeformed molassic Juá Conglomerate. The pluton is heavily sheared and altered with chlorite veining where a branch of the São Miguel do Aleixo fault zone cuts across its south-western part. Aplite dikes are present in the easternmost exposures of the pluton.
This study consists of a petrographic, geochemical and isotopic examination of the Coronel João Sá pluton. Its purpose is to characterize the source and cooling history of the magma, and to infer whether the Sergipano Foldbelt originated from a continental or oceanic basin.
PETROGRAPHY AND CLASSIFICATION
The presence of small, hand-worked quarries facilitated the collection of fresh samples within an environment of tropical weathering. Chaves (1991) , McReath et al. (1993) and McReath et al. (1998) have previously reported aspects of the geology of the Coronel João Sá pluton that are briefly summarized here. The pluton consists of granodiorite with minor granite (IUGS classification, Le Bas & Streckeisen, 1991) . In decreasing abundance, the mineral assemblage is plagioclase ) þ quartz þ microcline (Or 89-94 ) þ biotite þ hornblende þ epidote þ titanite AE clinopyroxene, with accessory zircon, allanite and apatite. Granodiorite in the easternmost part of the pluton is finer-grained than elsewhere and crosscut by numerous aplite dikes composed of quartz, low-An plagioclase (An 4-24 ) and alkali feldspar, and minor mafic minerals (hornblende, biotite, epidote). Iron-titanium oxide minerals have not been observed within any of the facies of the pluton. Clinopyroxene (augite-salite) is present in the northern body and in the western 80% of the southern body, which passes eastward through a facies transition where clinopyroxene disappears and cm-sized poikilitic K-feldspar phenocrysts appear enclosing hornblende, biotite, titanite, plagioclase and quartz. Clinopyroxene is severely resorbed, as evidenced by former euhedral laths up to 1Á5 cm long that have been overgrown or replaced by biotite, hornblende and epidote, leaving only scattered remnant grains of clinopyroxene exhibiting optical continuity (Fig. 4) . Frost et al. (2001) proposed a geochemical classification of granitoids based upon Fe
According to this classification, the Coronel João Sá granitoid is magnesian S Fig. 2 . Map of the Sergipano Foldbelt consisting of tectono-stratigraphic domains that are increasingly deformed and metamorphosed from south to north, and the Coronel João Sá pluton located within the Macurur e e domain. Superficial Mesozoic sediments of the Tucano Basin intervene between eastern and western exposures of the Sergipano Foldbelt. After Davison & dos Santos (1989) .
(Fe * ), calc-alkalic (MALI), with ASI ¼ 1Á03 AE 0Á03. This rock resembles the 'Cordilleran' granitoids, the dominant type on Earth.
Green amphibole-rich inclusions, or 'clots' (poikiloblastic actinolite to magnesio-hornblende) up to 5 cm across, are ubiquitous in all facies of the granodiorite.
They are mantled by biotite, suggesting that biotite was a product of reaction between the clots and surrounding magma. Locally abundant microgranular tonalitic enclaves are of variable size (centimeters to meters), ovoid and commonly in parallel alignment. Higher abundances of mafic minerals in the interior of the enclaves merge into lower abundances in the marginal zones. Enclaves are more mafic than the host granodiorite and contain less K-feldspar, although both enclave and host contain the same minerals, with similar grain sizes, textures and chemical compositions. Clinopyroxene is absent in the enclaves from the eastern facies, just as it is absent in the host rock, though it may have been formerly present as indicated by textures of replacement hornblende and biotite. Patchy zoning indicates relict An-rich cores in plagioclase. The acicular texture of apatite in the tonalitic enclaves suggests rapid quenching, although the enclaves do not have chilled rims. Enclaves within granitoid plutons typically are attributed to injection of hot mafic magma into cooler, more viscous felsic magma, followed by physical (mingling) and chemical interactions (e.g. Poli & Tommasini, 1991) . Sial et al. (1998) described the mafic inclusions in the granitoids of north-east Brazil in more detail. (Zen & Hammarstrom, 1984; Schmidt & Thompson, 1996) . Magmatic epidote occurs commonly throughout Brasiliano-age plutons in north-east Brazil and was described in detail by Sial et al. (1999) .
The absence of oxide minerals might be explained by an unusually low f O 2 and correspondingly low Fe 3þ / (Fe 3þ þ Al 3þ ), yet the presence of magmatic epidote requires a significant Fe 3þ component in the melt. In the study of Schmidt & Thompson (1996) on the stability of epidote in tonalite and granodiorite magmas, oxide phases were present only in experiments in which epidote was absent from the mineral assemblage. Those workers cited field observations that magnetite is considerably more abundant in epidote-absent than in epidote-bearing granitoids, and concluded that magnetite is the main Fe 3þ -bearing phase at temperatures above epidote stability, whereas Fe 3þ tends to enter epidote at lower temperatures. In the Coronel João Sá pluton, epidote and titanite accommodate Fe 3þ and Ti 4þ , respectively. Quantification of f O 2 in the Coronel João Sá magma is difficult in the absence of oxide minerals. Liou (1973) found that the presence of magmatic epidote requires f O 2 > QFM (quartz-fayalite-magnetite buffer) and the pistacite content of the epidote suggests that f O 2 was buffered between QFM and NNO (nickel-nickel oxide) oxygen buffers. Values of Fe/(Fe þ Mg) in biotite and hornblende ( $0Á5) also suggest f O 2 in the QFM to NNO range (Czamanske & Wones, 1973) .
Unfortunately, no geothermometer or geobarometer can be applied to the Coronel João Sá pluton that utilizes magnetite, ilmenite, garnet, orthopyroxene, fayalite or muscovite, as all of these minerals are absent. The absence of an equilibrium Fe-Ti oxide phase precludes the quantitative application of the aluminum-in-hornblende geobarometer proposed by Hammarstrom & Zen (1986) . The concentration of Al in hornblende increases systematically from west to east across the pluton, suggesting qualitatively that paleopressure increased in that direction (Fig. 5) . However, both the absence of an Fe-Ti oxide mineral in the assemblage and the low abundance of Fe 3þ in hornblende may make this apparent trend spurious. Calculations of Fe 3þ and Fe 2þ in hornblende by the procedure recommended by Cosca et al. (1991) and Anderson & Smith (1995) indicate very low values of Fe 3þ /(Fe 3þ þ Fe 2þ ), from 0Á18 to as low as 0Á02. Anderson & Smith (1995) showed that in this situation, Al-in-hornblende pressures are much higher than pressures independently estimated, the Fe 3þ deficiency being balanced by excess Al 3þ in the Fe 3þ -(6) Al 3þ exchange vector, thus increasing the apparent paleopressure.
We may estimate some general constraints by combining a thermometer, such as hornblende-plagioclase, with information implied by the presence of epidote and absence of oxide minerals. Figure 6 , a phase diagram from Schmidt & Thompson (1996) for water-saturated granodiorite magma with NNO buffering of f O 2 , exhibits a field of epidote stability. At lower f O 2 , such as with QFM buffering, the epidote stability field shrinks to higher pressures and lower temperatures. Schmidt & Thompson (1996) performed experiments over a range of high pressures (7-18 kbar). Consequently, the lowpressure intersection of the epidote-out boundary with the granodiorite solidus can be estimated only by extrapolation, and this value of about 4 kbar may provide a reasonable minimum pressure for the Coronel João Sá magma. The presence of staurolite in the contact aureole does not constrain the pressure estimate because staurolite is stable over a wide range of pressure (Richardson, 1968) .
Superimposed upon Fig. 6 are temperature calculations using the Holland & Blundy (1994) hornblendeplagioclase geothermometers A and B, which have opposing slopes in P-T space. Holland & Blundy cautioned not to attribute pressure significance to the intersections of 'A' lines with 'B' lines, as the coefficients in the calculations are not optimized for this purpose. All of the lines lie well inside the epidote stability field; i.e. the P-T estimates based upon data from hornblende, plagioclase and stability of epidote are self-consistent.
The presence of clinopyroxene within the granitoids suggests a geobarometer based upon equilibrium exchange with the aluminum-bearing 'Tschermak's molecule' component of pyroxene: 
MAJOR-AND TRACE-ELEMENT GEOCHEMISTRY
Geología e Sondagens Ltda (GEOSOL) in Belo Horizonte, Minas Gerais, made whole-rock chemical analyses of 15 samples and the GeoAnalytical Lab, Washington State University, Pullman, WA analyzed 10 samples, including five that are duplicates. Major-element data from the two laboratories are very similar. Table 2 provides a tabulation of all chemical data. Plots of selected major-and trace-element concentrations vs SiO 2 (Harker diagrams, Fig. 7 ) exhibit distinct negative trends with large negative values of the correlation coefficient, r. These trends are consistent with processes of crystal fractionation, magma mixing or inhomogeneous distribution of accessory restite minerals. In Coronel João Sá granitoids, Ti is sequestered in titanite, P is sequestered in apatite, Mg in mafic minerals, Ba in microcline, and Zr and Hf in zircon. Plots (not shown) of these elements vs CaO or FeO total (used as indices of differentiation) are also highly correlated.
In variation diagrams in which whole-rock abundances of selected trace elements (Fig. 8a ) or rare earth elements ( Fig. 8b ) are normalized to primitive mantle, the data form closely parallel patterns. Moreover, the concentration of any given trace element is highest in the western facies of the southern body, which has generally the lowest wt % SiO 2 ; the concentration is lower in the eastern facies (intermediate SiO 2 ) and lowest in rocks of the northern body, which are geochemically the most highly evolved (highest SiO 2 ). Negative Eu anomalies (Eu/Eu * $ 0Á9) are small.
ISOTOPE GEOCHEMISTRY
We analyzed a representative suite of whole-rock samples by the U-Pb, Sm-Nd and Rb-Sr methods. The samples, collected with wide spatial coverage ( Fig. 3) , are mostly granodiorite but also include two tonalitic enclaves, two amphibole-rich xenoliths and one aplite dike. Fresh rock in a working quarry centrally located in the pluton (Fig. 3 ) provided sample CJS 20. Whole-rock and purified concentrates of zircon, titanite, plagioclase, K-feldspar, apatite and biotite from this sample were analyzed isotopically.
U-Pb
Zircon crystals from sample CJS 20 were hand-picked according to morphology-whether common prismatic forms (Fig. 9 ) or rare needle-like or rounded grains. Cores are present in nearly all zircon grains, from which small populations having a minimum of visible inherited material were selected. Euhedral titanite crystals were selected on the basis of greatest clarity and absence of inclusions. Both minerals were air-abraded until crystal faces were no longer visible, then dissolved, spiked with 205 Pb and 235 U, and analyzed as described by Connelly et al. (1996) using a Finnigan MAT 261 multicollector mass spectrometer at the University of Texas at Austin.
The U-Pb and Pb-Pb ages of zircon fraction Z5 (Table 3 . Discordia lines projected from concordant point Z5 through discordant points Z1, Z2 and Z4 intersect concordia at 1Á67 AE 0Á25, 2Á23 AE 0Á03 and 1Á76 AE 0Á03 Ga, respectively (Fig. 10) . The latter samples must also contain radiogenic Pb inherited from older sources. Moreover, they are multi-grain samples that almost certainly represent mixtures of these ancient sources, causing the apparent ages to be partially homogenized. Therefore, 1Á67 AE 0Á25 Ga is a maximum estimate of the age of the younger source(s) and 2Á23 AE 0Á03 Ga is a minimum age estimate for the older source(s).
Data for titanite samples T1 and T2 plot 1Á0 and 1Á2% discordantly, but their error ellipses overlap concordia (Fig. 10) . A weighted average of T1 and T2 data gives t 206/238 ¼ 620Á9 AE 1Á4, t 207/235 ¼ 622Á7 AE 2Á0 Ma. In consideration of the 2s error ellipses, there is a $95% probability that the ages of titanite and zircon Z5 are distinctly different. The closure temperature for the U-Pb system in zircon is >800 C, and for titanite it is estimated at 660-700 C. We interpret that the pluton crystallized at 625 Ma (concordant zircon age), followed by slow cooling to the titanite closure temperature at $621 Ma. The Coronel João Sá pluton is not foliated or recrystallized, and it cross-cuts host rock whose Brasiliano age of deformation and metamorphism is latest Proterozoic. Isotopic inheritance, not later geochemical disturbance, was responsible for the pattern of apparent ages. The much more ancient sources themselves must lie at depth beneath the pluton, or the Coronel João Sá magma was contaminated by zircon from the local host rock that was inherited from these more ancient sources. Based upon 1000 counted points; 'present' indicates that the phase was identified but not counted.
*
Analysis by isotope dilution, University of Texas.
Sm-Nd and Rb-Sr
Our whole-rock Rb-Sr isotope data (Table 4) are generally compatible with data previously reported by Santos et al. (1988) and McReath et al. (1998) . A Rb-Sr isochron plot (Table 4 , Fig. 11 ) or Sm-Nd (Table 5 , isochron plot not shown) have large values of the MSWD statistical parameter, i.e. the scatter of points about a best-fit line exceeds the scatter as a result of analytical error alone. Limiting the isochron calculation to a subset of the data-e.g. only data from granodiorite or only from the western facies of the southern body-does not improve the situation. Scatter is evident in Fig. 12 , showing Sr and Nd initial ratios back-calculated to the 625 Ma concordant U-Pb age of zircon. The scatter is not explained by a later geochemical disturbance, for which there is no field or petrographic evidence. Geochemical disturbance might have affected the chemically mobile elements Rb and Sr, but probably not the immobile, geochemically coherent Sm and Nd (e.g. see Barovich & Patchett, 1992) . Our favored explanation is that the scatter of data at Coronel João Sá was an initial condition. Aplites and granodiorites from the western facies and eastern facies were sampled from a single continuous pluton. A plot of initial 87 Sr/ 86 Sr vs e Nd at 625 Ma suggests a mixing relationship for these rocks (Fig. 13) . All of the initial ratios reflect a continental crust signature (negative e Nd , elevated 87 Sr/ 86 Sr). Initial Sr ratios also correlate positively and initial Nd ratios correlate negatively with SiO 2 . Crystal fractionation acting alone cannot account for the range of variation in initial Sr and Nd isotopic compositions. More probably, several sources contributed isotopically distinct magmas that became the northern body and the western and eastern facies of the southern body. Sr-Nd isotope data from these bodies are clustered (Fig. 12) . In particular, initial Sr ratios in the northern body were consistently high (Fig. 12a) . At least two magma types are represented by tonalitic enclaves and by granodiorite that is itself inhomogeneous. Magmas in intimate contact may mingle, but differences in viscosity and liquidus temperatures can be an effective barrier to mixing. Enclaves form when the hotter, more mafic magma makes up less than 30-40% of the mass (as at Coronal João Sá), whereas mingling or mixing occur with higher abundances of mafic magma (Frost & Mahood, 1987) .
End-members of mixing curves such as Fig. 13a are commonly modeled as 'mafic' and 'felsic' components. The aplite composition serves as a plausible crustal end-member, but the chemistry of the more mafic end-member does not resemble the composition of a mantle-derived mafic magma. As continental crust is differentiated from mantle, the crust is enriched in silica; it is also enriched in Rb preferentially to Sr, and in Nd preferentially to Sm, which causes negative values of e Nd to develop. This process, which pertains to the source rocks of Coronel João Sá granitoids, is expected to produce a negative correlation of SiO 2 vs e Nd and a positive correlation of SiO 2 vs 87 Sr/ 86 Sr at the time of emplacement, 625 Myr ago, as observed in Fig. 13b and c. Differentiation would also relatively enrich the crust in largeion lithophile elements (Ba, Sr) and high field strength elements (Zr, Hf). Plots of these elements vs e Nd should produce negative correlations, but this is contrary to the positive correlations seen in Fig. 14. Arrows point toward estimated e Nd ( $þ10) and concentrations of trace elements in continental lithospheric mantle (CLM, Fig. 14) . Compositions of postulated CLM end-members are distant from Coronel João Sá compositions and they lie off the data trends. Thus, the immediate sources of Coronel João Sá magma were not directly related to the mantle but must already have experienced multiple stages of development. Table 6 presents Rb-Sr isotope data for titanite, plagioclase, K-feldspar, apatite and biotite separated from sample CJS 20. In an isochron diagram (Fig. 11) , the datum for highly radiogenic biotite controls the slope of the isochron. The slope is consistent with an age of about 610 Ma but the data points scatter substantially (MSWD ¼ 9Á4). This is to be expected; an isochron assumes an 'instantaneous' magmatic event, whereas the Rb-Sr systematics of these plutonic minerals developed over a prolonged interval of slow cooling. The following discussion uses petrographic, chemical and isotopic data as a basis to calculate the cooling rate of the Coronel João Sá pluton.
Rb-Sr SYSTEMATICS IN MINERALS
Could the individual mineral phases analysed from CJS 20 have inherited non-uniform initial Sr isotope compositions? We have already noted initial 87 Sr/ 86 Sr in whole rocks that is variable over a scale of meters to kilometers. Initial Sr isotope compositions in igneous rocks can be inhomogeneous on the scale of a hand sample, or even on a micrometer scale in zoned crystals of volcanic plagioclase (Davidson et al., 2001) . However, diffusion rapidly levels any initial variability when magmatic temperatures Sun & McDonough (1989) ; (b) whole-rock rare earth element (REE) abundances, normalized to abundances in primitive mantle compiled by Sun & McDonough (1989). are sustained. A characteristic diffusion distance is expressed by x ¼ (Dt) 0Á5 , where x is distance, D is the diffusion coefficient (distance 2 /time) and t is time (Crank, 1975) . According to the data in Table 6 , Sr would diffuse out of a typical grain of plagioclase within a few thousand years at an assumed temperature of 800 C. This timescale is orders of magnitude shorter than the millions of years' cooling period for a deeply buried pluton. Once the diffusing Sr reaches the grain margin, grainboundary diffusion transports it extremely rapidly throughout the local volume of rock ( Jenkin et al., 1995) .
As the temperature drops through the closure temperature for a mineral species, that mineral begins to retain radiogenic Sr. Dodson (1973) derived a mathematical * Ratios corrected for mass spectrometer fractionation, 2 pg laboratory Pb blank, initial common Pb calculated using Pb isotopic composition of Stacey & Kramers (1975) and 2 pg laboratory U blank. Two-sigma uncertainties of isotope ratios, calculated with a modified unpublished error propagation program written by L. Heaman, and reported after the ratios, refer to the final digits. All fractions were extensively abraded. Abbreviations: ang, angular; brn, brown; clr, clear; clrls, colorless; euh, euhedral; med, medium (50-100 mm); sm, small (<50 mm). 
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JOURNAL OF PETROLOGY VOLUME 46 NUMBER 2 FEBRUARY 2005 relationship between the closure temperature and the diffusion coefficient, activation energy, effective diffusion radius of the crystal (assumed to be the physical grain size) and rate of cooling (closure temperature being higher if cooling is more rapid). Once a given mineral has become a closed system, only the remaining mineral assemblage continues to communicate by diffusion until the closure temperature of the next mineral species is reached, and so on (Giletti, 1991) . Finally, after the 'residual whole rock' has been reduced to only two participating minerals, communication ceases when the mineral with the higher closure temperature becomes closed, regardless of the intrinsic diffusion properties of the other mineral. We have applied this analysis to sample CJS 20, subject to the assumptions and qualifications provided in the Appendix. The objective of modeling is to devise a timetemperature history that is consistent with the . Rb-Sr isochron plot for whole-rock sample CJS 20, and its constituent minerals. The data point for highly radiogenic biotite controls the isochron slope, which indicates the closure age of the biotite Rb-Sr system. Magnification of an area (inset) at the isochron intercept shows that plagioclase, titanite and apatite data scatter to a much greater degree than can be accounted for by analytical error (rectangle enclosed by open circle, inset).
present-day
87 Sr/ 86 Sr in each mineral, and with other isotopic and petrographic data. Following Giletti (1991, appendix) , we assume a cooling rate and a starting temperature, which Giletti equated with the solidus. During cooling, 87 Sr/ 86 Sr increases uniformly and homogeneously throughout the rock by rapid diffusion until the first mineral closes, following which the Sr isotope ratio in that mineral continues to increase until the present day at a rate proportional to its Rb/Sr. We recalculate Rb/Sr and 87 Sr/ 86 Sr in the mineral assemblage in the residual whole rock prevailing at the time of first mineral closure, and 87 Sr/ 86 Sr continues to increase homogeneously until the second mineral closes, and so forth. Each mineral species became a closed system at a different time, and with different initial 87 Sr/ 86 Sr. The cooling rate influences the Dodson (calculated) closure temperature (T c ) and also the intervals between closure ages-the slower the cooling, the greater the differences between them. The starting temperature determines how far the temperature must drop (i.e. how much time passes) before the first mineral closes; the value of the starting temperature adjusts the range of closure ages up or down in an absolute sense. The interval of cooling, even at a slow rate, is likely to be brief compared with the age of the Coronel João Sá pluton.
We used an interactive spreadsheet approach to investigate combinations of starting temperatures between 650 and 900 C, with cooling rates between 20 and 100 C/ Myr, to determine a statistical best fit between calculated 87 Sr/ 86 Sr today vs 87 Sr/ 86 Sr as actually measured. Unfortunately, the calculations are compatible with a range, not a single unique combination of these variables. Largely this is because the growth of 87 Sr/ 86 Sr in titanite, apatite and plagioclase (low Rb/Sr minerals) is so insensitive to the passage of time that the data fit various cooling scenarios almost equally well.
We can use the U-Pb data (Table 3) indicating closure of titanite at 621 Ma and a titanite T c of 660-700 C (Scott & St-Onge, 1995) to further limit the optimum combination of cooling parameters. Taken together, the Rb-Sr and U-Pb data provide an excellent fit with a starting temperature of 840 C, and a cooling rate of 36 C/Myr. Under these conditions, about 4 Myr (from 625 to 621 Ma) would separate the closure of the U-Pb systems in zircon and titanite. The Rb-Sr system in titanite closed at about the same time and temperature. Santos et al. (1988) are not known, but the Rb-Sr data from this study and those of Santos et al. (1988) and McReath et al. (1998) Rb-Sr data, which are lacking for epidote, hornblende and clinopyroxene, would have resembled the inconclusive data for titanite, apatite and plagioclase, and would not have changed the interpretation. Table 7 summarizes the calculated cooling history. Note that the inferred starting temperature (840 C) is well above the solidus. Naney (1983) investigated the mineral phase relationships of a synthetic granodiorite composition at pressures of 2 and 8 kbar. By analogy, the solidus of the Coronel João Sá granodiorite, which is of similar bulk-rock composition, would have been approximately 650 C at 4 kbar. At 840 C and 4 kbar, sample CJS 20 would have consisted of plagioclase, hornblende, biotite, quartz, titanite(?), possibly K-feldspar and pyroxene (depending upon wt % H 2 O), and melt. The Giletti procedure for calculating successive closure temperatures does not require that the whole rock is entirely solid, but only that it is a closed system. Minerals that closed late during cooling may not even have existed when early-crystallized minerals became closed.
Qualitative estimates of paleopressure are of the order of 4-5 kbar (12-15 km paleodepth). We do not know the temperature-depth regime that prevailed at the end of the Brasiliano Orogeny, nor the three-dimensional configuration of the Coronel João Sá pluton, nor where the sampled rocks lay within it. Model calculations using the heat conduction equation (Crank, 1975) are roughly consistent with a cooling rate of 36 C/Myr at a burial depth of 15 km.
SOURCES OF THE CORONEL JOÃ O SÁ MAGMA
Modeling of the Sm-Nd isotope data provides insight into possible magma sources. Figure 15 displays wholerock e Nd back-calculated to 625 Ma. Values of e 625 are À7 to À5, which could have been inherited by the magma from a single (somewhat inhomogeneous) source, or averaged from a mixture of sources with variable e Nd . A plausible single-source model consists of two stages. In the first stage, the source becomes separated from depleted mantle (Fig. 15) (Fig. 15) encloses the stage 1 growth lines and it intersects the depleted mantle curve at a tightly constrained 2Á4 AE 0Á1 Ga. This age is in good agreement with the $2Á5 Ga Rb-Sr age of gneissic basement to the Sergipano Foldbelt, which is exposed in several localities such as the Itabiana Dome ( Fig. 2 ; D'el-Rey Silva, 1995) .
In an alternative model, magma is generated in unrelated sources of diverse ages. Continental to shallow marine, siliciclastic-carbonate supracrustal metasediments of the Sergipano Foldbelt are interbedded with volcanic rocks whose U-Pb zircon ages are 1Á05-1Á0 Ga, and intruded by granitoids with 0Á98-0Á92 Ga U-Pb ages . Brito proposed the name 'Cariris Velhos' for this period of rifting and associated magmatism. Figure 15 compares Coronel João Sá data with Sm-Nd analyses of Archean and Paleoproterozoic gneissic basement, and Mesoproterozoic Cariris Velhos supracrustal rocks . This second model is consistent with the discordant U-Pb ages of zircon, which suggest sources of both Proterozoic (metasedimentary?) and possibly Archean age. The ranges of e Nd indicate that $80% could have been provided from a source with Cariris Velhos isotopic characteristics. 
DISCUSSION
This study of the Coronel João Sá pluton was initiated in an attempt to constrain the tectonic origin of the Sergipano Foldbelt and, by extension, of other foldbelts in north-east Brazil. The intercratonic and intracratonic models were tested by examination of potential magma sources for this pluton. If the geochemical characteristics of the source were juvenile, more 'primitive' material, then this observation would indicate an intercratonic origin as an ocean basin that closed through subduction. If the source consisted of older continental crustal material, then this observation would support an intracratonic origin as a continental extensional basin. Petrographic and mineral chemistry data show evidence for both the process of magma mixing and incorporation of minor residual phases-e.g. inherited core material in zircon crystals. The presence of tonalitic enclaves shows that mixing between magmas of different compositions had occurred. A plausible explanation of the amphibole-rich xenoliths and presence of clinopyroxene (which is in severe disequilibrium with the magma) is dehydration-melting of an amphibolitic source rock to produce melt þ residual clinopyroxene. Experiments by Beard & Lofgren (1991) , Rushmer (1991) , Wolf & Wyllie (1994 ), Patiñ no Douce & Beard (1995 and others have investigated the dehydration-melting of amphibolite (i.e. H 2 O is supplied only by breakdown of hydrous metamorphic minerals) or melting with insufficient externally added H 2 O to achieve saturation. In some experiments, amphibole and quartz were consumed to create clinopyroxene. Dehydration-melting of amphibolite, which is thought to be common in the lower continental crust, produces variable magma compositions according to the prevailing intensive variables (P, T, etc.) and also to the bulk compositions of the available source rocks. Experimentally determined temperatures for dehydrationmelting are in the range of 850-1000 C (Rushmer, 1991) , compatible with the 840 C initial temperature inferred from our calculation of the cooling history of the Coronel João Sá pluton.
As a hydrous mineral (such as amphibole) breaks down in the magma source, the melt volume abruptly increases; formation of stress fractures would permit batches of magma to drain off and the process could repeat by melting of another protolith with a somewhat different composition (Rushmer, 1991) . The source of the Coronel João Sá magma is inferred to be mixed, the amphibolite xenoliths signifying a contribution from lower crust of basaltic composition, whereas the presence of zircons with inherited cores implies a recycled (sedimentary?) component. These diverse sources could explain differences among the western facies of the southern body (Fig. 3) which contains clinopyroxene, the eastern facies (cpx absent) and the separate northern body. These considerations support the intracratonic model for the origin of the foldbelt. The depth of crystallization at a minimum of 12 km, indicated by the presence of magmatic epidote, is also consistent with this model.
Linear major-and trace-element correlations on Harker variation diagrams, combined with variable initial Sr-Nd isotopic compositions, suggest magma mixing of at least two end-members derived from protoliths of diverse ages as indicated from inherited zircon cores. Likely candidates of appropriate age and Sm-Nd isotope systematics are Archean/Transamazonian basement, and Cariris Velhos age supracrustal material making up the foldbelt. Isotopic and trace-element data argue against a significant melt contribution from the mantle. Available data are not conducive to quantitative modeling of the end-members. There are no bulk chemical analyses of candidate source lithologies in the general region. Sm-Nd isotope data from the pluton and reconnaissance regional data do not plot as defined trends. Together, the data patterns indicate that the granodiorite magma was the product of partial melting of local heterogeneous crustal sources.
